In vivo microcirculatory studies using the cremaster muscle preparation showed adhesion of red cells, restricted to postcapillary venules, in transgenic mice but not in control mice. Electron microscopy revealed distinct contacts between the red cell membrane and the endothelium surface. Some red cells exhibiting sickling were regularly observed in the venular flow. Infusion of transgenic mouse red cells into the ex vivo mesocecum vasculature also showed adhesion of mouse red cells exclusively in venules.
Introduction
Sickle cell anemia (SS)' is the consequence of a single amino acid substitution (, in the hemoglobin (Hb) molecule, resulting in the polymerization of HbS molecules and sickling of red cells under deoxy conditions. The effect of this single-point mutation is not limited to the ability of red cells to sickle, but results in pleiotropic abnormalities such as hemolysis, red cell heterogeneity, increased red cell adhesivity, vascular endothelial injury, and multiple organ damage (1) . Although HbS polymerization is central to the pathophysiology of vasoocclusion, the role of multiple factors (both primary and secondary) in the initiation of vasoocclusion has not been investigated under in vivo flow conditions. Among these factors, adhesion of SS cells to the vascular endothelium has been suggested to play an important role in vasoocclusion. Increased adhesion of SS cells was first demonstrated by Hebbel and coworkers (2, 3) using endothelial cell cultures, and later confirmed by others in both static and flow systems (4) (5) (6) . Finally, adhesion was demonstrated in an ex vivo microcirculatory bed (7) (8) (9) and found to be restricted to venules. Increased adhesion of SS cells in microcirculation could lead to an increased red cell capillary transit time and intravascular sickling.
We have previously used a trans-species ex vivo microvasculature to understand vasoocclusive behavior of human SS cells (7) (8) (9) . Although these ex vivo studies have advanced our understanding of adhesive and obstructive behavior of heterogenous SS red cell classes, as well as of microvascular sites (venules) of adhesion (7) (8) (9) , the results of these acute transspecies infusion experiments need to be verified in vivo, preferably in an intraspecies model. Transgenic mouse models, in particular, provide with an opportunity to investigate potential vasoocclusive mechanisms and to resolve the question if mouse red cells containing human sickle hemoglobin could adhere. Although several transgenic mouse lines expressing human sickle hemoglobin have been well characterized (10) (11) (12) (13) (14) (15) ) , there has been no intravital study to address these issues. To this end, we have studied a transgenic mouse line expressing human a-, ,3s-and ,l3S-Antilles-globins on the mouse homozygous /3 major deletional (3MDD) background (16) . These mice were produced by breeding a'H#s[/6MDDI mice (14) into a line expressing human / S-Antilles on the mouse homozygous / major deletional background ( 12) . S-Antilles contains, in addition to the HbS mutation at 636, a second mutation at /323 (Val-Ile). 5S-Antilles has low oxygen affinity and decreased solubility under deoxygenated conditions, resulting in a more severe form of sickle cell anemia. In a H3 S1 S-Antilles[l MDDI mice, the combined expression of human /3s and / S-Antilles was 78%. This transgenic mouse line showed a more severe phenotype than either parent, a distinct heterogeneity of red cells (increased reticulocyte counts and presence of dense cells), a decreased delay time of polymerization, more severe organ damage, and a reduced life expectancy (16) . Now In selected experiments, response of the cremaster arterioles to a transient increase in oxygen tension was evaluated for both control and transgenic mice. In these experiments, cremaster resting conditions were maintained as described above using Ringer's bicarbonate solution equilibrated with N2 and measurements of the diameter and Vrbc were made. To examine the effect of local, transient hyperoxia, the suffusion was changed to Ringer's bicarbonate solution equilibrated with 21% oxygen in the gas mixture containing 5.6% CO2 and the balance N2.
Oxy suffusion was applied for 5 min. The suffusion was then switched back to N2-equilibrated solution. Continuous microcirculatory measurements were made during this maneuver.
Hemodynamic and microcirculatory observations in the ex vivo mesocecum vasculature. Ex vivo perfusion studies were performed in the isolated, acutely denervated, artificially perfused rat mesocecum vasculature according to the method of Baez et al. (26) as modified for the study of erythrocytes (7) . Arterial perfusion pressure (Pa) was rendered pulsatile with a peristaltic pump. Venous outflow pressure (Pv) was kept at 3.8 mmHg, and the venous outflow rate (Fv) was monitored with a photoelectric drop counter and expressed as milliliters per minute. During perfusion with Ringer's at Pa of 60 mmHg, a bolus of control or transgenic mouse red cells (hematocrit [Hct] 30% in autologous plasma, 0.2 ml vol) was infused. Peripheral resistance units (PRU) were determined as described (27) and expressed in mmHg/ml per min/ gram, PRU = AP/Q, where AP is the arteriovenous pressure difference and Q is the rate of venous outflow (ml/min) per gram of tissue weight. In each experiment, pressure flow recovery time (Tpf) was determined after the bolus infusion of the samples. Tpf is defined as the time (seconds) required for Pa and Fv to return to their baseline levels after sample delivery and provides an estimate of total transit time through the mesocecum vasculature. These measurements were accompanied by direct intravital microscopic observations and video-recording of the microcirculatory events.
Transmission electron microscopy (TEM). For TEM, tissue samples from the contralateral cremaster muscle were fixed in Karnovsky fixative and processed for TEM as described (28) . Sections In most instances, red cells remained adhered for the duration of experiments. In some venules, both red cells and leukocytes were seen adhering to the vessel wall. Adhering and rolling leukocytes were recognizable by their larger diameters (Fig. 2  B) . In addition, in transgenic mice showing red cell adhesion, a few sickled cells with distinct spicules (circulating sickled 13.7±4.4 (6) 13.1±2.9 (6) 0.80 Venules V2 65.1±13.4 (9) 61.8±11.8 ( (o ----o) mice. In general, there was a progressive decrease in red cell velocities with successive branching of arterioles from A2 to A4. Minimum red cell velocity was recorded in V4 venules. However, as compared with controls, the transgenic mice, under resting conditions, showed 50% or more decrease in Vrbc in arterioles. In the venules, the decrease was > 65%. * P < 0.01-0.001. (o----o) mice. As is evident, during resting conditions, the tb mice showed a drastic reduction in wall shear rates in both ai and venules. In general, there was almost 50% reduction in a wall shear rates. Greater than 60% reduction in wall shear ral observed in V2 vessels. * P < 0.05 and +P < 0. Fig. 5 . In controls, maximum wall shear rates (2,630+640 s-') were recorded in A3 arterioles (diameter, 29.7+3.3 gim; mean±SD). Thereafter, there was a gradual decline and minimal values were obtained in V2 venules (815±321 s '). The transgenic mice showed a drastic reduction in wall shear rates (-50% or more) in both arterioles and venules (P < 0.05 to P < 0.001). In the transgenic mice, maximum wall shear rates of 1,221±427 s-' obtained in A2 vessels were -50% less than that recorded for control A2 (P (9) < 0.001). Greater than 60% reduction in wall shear rates (e.g., * V2 -312±151) was observed in any given order of venules . (7) as compared with controls (P < 0.02-0.001) (Fig. 5) .
A plot of averaged arteriovenous volumetric flow rates (Q) 2 in the resting microvasculature showed a parabolic pattern in both control and transgenic mice (Fig. 6) to V2 vessels. The transgenic mice showed a significant (> 50%) de- crease in Q in A2 arterioles. Minimal Q values were estimated for small diameter V4 venules. Also, the transgenic mice showed > 60% decline in venular flow rates. * P < 0.05 and +P < 0.01. (Fig. 7) . These changes were accompanied by 41.5% increase in Q (P < 0.03) ( (8, 9) . In the present studies, a bolus of oxy control red cells or the transgenic mouse red cells (0.2 ml, Hct 30% in autologous plasma) was infused into the ex vivo preparations during perfusion with Ringer-albumin solution at an arterial pressure of 60 mmHg. As shown in Table   IV , in each preparation, a H/So/S-Antilles[o MDDI mouse red cells resulted in higher PRU and a delayed Tpf as compared with the control cells, which could be due to the reported presence of dense cells and/or to the presence of adherent cells (16) . Direct microscopic observations and videotaping revealed adhesion of transgenic red cells, but not of control cells, which was confined to venules. In some venules, adhered cells tend to form clusters (Fig. 8 A) and few small-diameter postcapillary venules appeared completely obstructed (Fig. 8 B) . However, there was considerable variability in the extent of adhesion and some venular networks were devoid of any adherent cells. Discussion Q Figure 7 . The effect of oxygen (21%) on the arteriolar diameter (Dia) Vrbc, and volumetric flow rates (Q) in the cremaster muscle microcirculation of control and aH3SpfS-Antilles[a MDD] mice. When oxygen tension of solution suffusing the cremaster was raised to 150 mmHg using 21% oxygen in the gas mixture, the control arterioles showed a pronounced 69.3% decrease in the diameters, accompanied by 74.8% decline in Vrbc. In contrast, under similar conditions, the transgenic mice showed only a slight 8% decrease in diameter, showing an altered microvascular response to oxygen. Also, oxygen caused 68.4% increase in red cell velocity and 41.5% increase in Q, suggesting an improved rheologic behavior of transgenic mouse red cells upon oxygenation.
* P < 0.001 vs control.
The studies presented here demonstrate significant effects of the expression of human a, 13s and Also, despite reduced Vrbc and wall shear rates in the transgenic mouse arterioles, there was no evidence of red cell adhesion in these vessels, suggesting that adhesion receptors were restricted to the venular endothelium. These observations support our earlier hypothesis that both endothelial characteristics and lower wall shear rates in venules would be required for abnormal adhesion of sickle cells to this part of the microcirculation (9) . Thus, the present observations combined with our previous observations on human SS cell adhesion in the ex vivo preparation (8, 9) show that postcapillary venules are likely to be important sites of vasoocclusion. Future work will be required to establish whether, in the transgenic mouse, intravascular sickling generates secondary abnormalities in both the red cell membrane and the vascular endothelium.
Experiments performed to determine the effect of local, transient hyperoxia (using 21% oxygen in the gas mixture) revealed striking differences in the microvascular response of control and transgenic mice. In the controls, the increase in local oxygen tension caused a pronounced 69% decrease in the arteriolar diameter, accompanied by a profound decrease in Vrbc and Q (75 and 96%, respectively). Previous studies with skeletal muscle preparations and isolated rat cremaster muscle arterioles have shown a pronounced vasoconstricting effect of oxygen, while hypoxia results in vasodilation (33) (34) (35) . Thus microvascular flow and resistance in the skeletal muscle would be significantly modulated by changes in local oxygen tension. Vasoconstriction evoked by increased oxygen tension has been attributed to the inhibition of endothelial synthesis of prostaglandins and is dependent on the presence of intact endothelium (35) .
In contrast, in a 1H, SpS-Antilles[p MDD ] mice, transient hyperoxia resulted in only -8% arteriolar constriction, indicating an altered microvascular response. Also, in transgenic mice, hyperoxia induced a significant net increase in the arteriolar Vrbc and Q (68 and 41.5%, respectively) (Fig. 7) . In view of the observed intravascular sickling during resting conditions, the absence of sickling following the application of oxygen would indicate unsickling of red cells due to depolymerization of HbS and HbSAntiles. In general, vasoconstriction results in a decrease in the flow (as seen in control mice) while an increase in the flow is observed after vasodilation (36) . In transgenic mice, the net increase in Vrbc and Q during transient hyperoxia, despite a slight vasoconstriction, is likely to be a consequence of unsickling and a decrease in the bulk viscosity. The bulk viscosity of transgenic mouse red cells is significantly higher in the deoxygenated state (data not shown), which is in accordance with our studies on the viscosity behavior of human SS cells (7) .
On the other hand, the altered vessel diameter response to oxygen in transgenic mice may be in part a consequence of an increase in the flow. Although the exact mechanism remains to be elucidated, this response could involve either release of specific endothelial molecules (prostaglandins and/or nitric oxide) or vessel diameter compliance secondary to an increased blood flow as suggested for flow-mediated vasodilation in large arteries (37) (38) (39) . Blood rheological factors have been implicated in the flow intermittency observed in sickle cell patients (40) , as well as in a depressed postocclusive reactive hyperemia during the crisis (24) . However, there could also be intrinsic differences in the endothelial cell and/or vascular smooth muscle function between controls and transgenic mice. In particular, additional contributions from possible endothelial abnormalities (inflicted by circulating dense cells, adhesion and intravascular sickling) which could induce, for example, increased prostacyclin production (41 ) cannot be ruled out in the altered vascular tone response to oxygen.
To conclude, the transgenic mice expressing human Ps and ,S-Antilles on the mouse /-major deletional background exhibit red cell endothelial interaction and intravascular sickling, both of which have been implicated in the pathophysiology of the human sickle cell disease, but never been demonstrated before in vivo under dynamic flow conditions. In addition, we find a novel phenomenon, an altered microvascular tone, and flow response to oxygen in the transgenic mice. One implication of this finding is that if an incompletely obstructed vessel could be reached to provide adequate level of oxygenation, some of the vasoocclusion could be averted. Taken as a whole, the microvascular flow abnormalities would contribute to the observed organ damage and a reduced life span in these transgenic mice. Finally, the transgenic mouse models present a unique opportunity for further investigations of vasoocclusive mechanisms and to test potential therapies in vivo.
